Sensory systems often respond to rapid stimuli with high frequency and fidelity, as perhaps best exemplified in the auditory system. Fast synaptic responses are fundamental requirements to achieve this task. The importance of speed is less clear in the olfactory system. Moreover, olfactory bulb output mitral cells respond to a single stimulation of the sensory afferents with unusually long EPSPs, lasting several seconds. We examined the temporal characteristics, developmental regulation, and the mechanism generating these responses in mouse olfactory bulb slices. The slow EPSP appeared at postnatal days 10 -11 and was mediated by metabotropic glutamate receptor 1 (mGluR1) and NMDA receptors. mGluR1 contribution was unexpected because its activation usually requires strong, high-frequency stimulation of inputs. However, dendritic release of glutamate from the intraglomerular network caused spillover-mediated recurrent activation of metabotropic glutamate receptors. We suggest that persistent responses in mitral cells amplify the incoming sensory information and, along with asynchronous inputs, drive odor-evoked slow temporal activity in the bulb.
Introduction
Dynamic spatiotemporal activity in the olfactory bulb undoubtedly contributes to olfactory perception. Odors evoke a topographical map of glomerular activity in the bulb that provides the basic spatial code for odor identification (Axel, 2005; Buck, 2005) . Mitral cells in the bulb or their analog in invertebrates (projection neurons) respond to odors with sustained trains or bursts of action potentials Charpak et al., 2001; Luo and Katz, 2001; Wilson et al., 2004) . This firing pattern across a population of cells evolves over time in an odor-specific manner, thus forming a temporal signature that can also contribute to odor identification Laurent et al., 2001; Wilson et al. 2004) . Postsynaptic mechanisms such as lateral inhibition mediated by interneurons (MacLeod and Laurent, 1996; Schoppa et al., 1998; Lagier et al., 2004) or intraglomerular excitatory interactions Westbrook, 2001, 2002; Urban and Sakmann, 2002; Christie and Westbrook, 2006) modulate mitral cell responses. This postsynaptic machinery depends critically on the time course of mitral cell excitation driven by afferent inputs.
Single electrical stimulation of these sensory afferents evokes a surprisingly long-lasting depolarization in mitral cells (Nowycky et al., 1981; Chen and Shepherd, 1997; Carlson et al., 2000; Schoppa and Westbrook, 2001) . Although the olfactory nerve (ON)-evoked mitral cell depolarization is usually abolished by AMPA and NMDA receptor antagonists (Chen and Shepherd, 1997; Carlson et al., 2000; Schoppa and Westbrook, 2001; De Saint Jan and Westbrook, 2005) , the duration of the EPSP far exceeds even the slow NMDA receptor-mediated EPSP in most pathways, suggesting that another component is likely. The metabotropic glutamate receptor 1 (mGluR1) is expressed in mitral cell postsynaptic dendrites (van den Pol, 1995) and can affect mitral cell excitability (Schoppa and Westbrook, 2001; Heinbockel et al., 2004) . However, mGluR1-mediated EPSPs/EPSCs have only been reported after high-frequency stimulation of presynaptic neurons or when glutamate transporters are blocked (Batchelor and Garthwaite, 1997; Brasnjo and Otis, 2001; Dzubay and Otis, 2002; Huang et al., 2004; De Saint Jan and Westbrook, 2005; Ennis et al., 2006; Yuan and Knopfel, 2006) . Such protocols presumably are required because they facilitate glutamate spillover onto perisynaptic loci where mGluRs are generally expressed (Baude et al., 1993) .
We used whole-cell patch-clamp recordings in mouse olfactory bulb slices to elucidate the mechanism generating longlasting mitral cell EPSPs. We show that mGluR1s can be robustly activated after a single stimulation of the sensory afferents and mediated, along with NMDA receptors, the long-lasting synaptic excitation of mitral cells. Activation of mGluR1 and NMDA receptor was initiated by glutamate released from afferent nerve terminals but required secondary release from the intraglomerular network of mitral and tufted cell dendrites. This mechanism allows for glomerular-specific and persistent increases in excitability in response to asynchronous or periodic afferent input.
Materials and Methods
We prepared horizontal olfactory bulb slices from wild-type, connexin36 ϩ/ϩ and mGluR1 ϩ/ϩ littermates as well as unrelated C57BL/6 mice. As described previously (Schoppa et al., 1998) , mice were anesthetized with halothane and decapitated. Bulbs were removed, and slices (290 -350 m) were cut in ice-cold oxygenated solution containing the following (in mM): 83 NaCl, 26.2 NaHCO 3 , 1 NaH 2 PO 4 , 2.5 KCl, 3.3 MgSO 4 , 0.5 CaCl 2 , 70 sucrose, and 22 dextrose, pH 7.3 (osmolarity adjusted to 290 mOsm). Slices were incubated for 30 -40 min at 37°C and then at room temperature until use.
For electrophysiology, slices were transferred to an external solution (in mM: 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 and 25 dextrose) and visualized with an upright microscope (BX51WI; Olympus, Tokyo, Japan) using differential interference contrast optics. Patch pipettes (ϳ4 M⍀) for whole-cell current-clamp recording were filled with a solution containing the following (in mM): 135 K-gluconate, 2 MgCl 2 , 2 CaCl 2 , 1 EGTA, 4 Na-ATP, 0.5 Na-GTP, and 10 HEPES, pH 7.3 (osmolarity, ϳ270 mOsm). For voltage-clamp recordings, we used an internal solution in which 120 mM Cs-MeSO 4 , 20 mM tetraethylammonium-Cl, and 5 mM 4-aminopyridine replaced K-gluconate. Alexa-Fluor 488 (10 M) was routinely added in the internal solution to visualize mitral cell dendrites under fluorescent illumination. Experiments were performed at 33-36°C.
Recordings were made with a multiclamp 700A amplifier (Molecular Devices, Foster City, CA), filtered at 2 Hz, and digitized at 5-10 kHz using Axograph 4.9 (Molecular Devices). For current-clamp recordings, a negative current was injected to maintain mitral cells below action potential threshold (approximately Ϫ70 mV). We used the bridge balance function of the amplifier to compensate access resistance. Mitral cells that projected to the same glomerulus were identified visually with Alexa 488 and by the presence of electrical coupling (Schoppa and Westbrook, 2002) . The axons of olfactory sensory neurons were stimulated using a patch pipette filled with an external solution and positioned in the fiber layer entering the glomerulus to which the test mitral cell projected. The electrical stimulus (100 s; intensity, 1-100 V) was triggered using an isolated stimulator (Digitimer, Hertfordshire, UK). We used Student's t tests (two-tailed) for statistical comparison. We expressed the results as mean Ϯ SEM.
Drugs 6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX), (ϩ)-2-methyl-4-carboxyphenylglycine (LY367385), DL-2-amino-5-phosphonovaleric acid (AP-5), 7-(hydroxyimino) cyclopropa [b] chromen-1a-carboxylateethyl ester (CPCCOEt), (RS)-a-methyl-4-carboxyphenylglycine (MCPG), and (RS)-3,5-dihydroxyphenylglycine (DHPG) were purchased from Tocris (Ellisville, MO).
Results

ON stimulation produces a long-lasting EPSP in mitral cells
We used single stimuli (one pulse, 100 s, 1-100 V) to the ON layer to evoke responses in mitral cells. The duration and the amplitude of the evoked EPSP increased with the stimulus intensity (Fig.  1a) . However, consistent with previous reports (Chen and Shepherd, 1997; Carlson et al., 2000; Schoppa and Westbrook, 2001) , this stimulation produced longlasting synaptic depolarizations in mitral cells (duration Ͼ1 s) regardless of the strength of the stimulus. At threshold stimulus intensity that produced a response ϳ50% of trials, EPSPs occurred in an "all-or-none" manner with an amplitude of 9.1 Ϯ 1.9 mV and an integral of 4 Ϯ 1.1 mV ⅐ s (n ϭ 6; stimulation, 2-15 V) (Fig. 1b) . With maximal stimulation, responses (amplitude, 22.4 Ϯ 1.6 mV; integral, 32.9 Ϯ 3.6 mV ⅐ s) had a characteristic two-component shape with a slow phase that lasted Ͼ10 s (n ϭ 5) (Fig. 1a, top trace) . ON stimulation also produced longlasting EPSCs in voltage-clamp recordings at Ϫ70 or ϩ50 mV (Fig. 1c) , indicating that voltage-gated channels in mitral cells were not primarily responsible for the long duration of the EPSC. The long-lasting component of the EPSC first emerged at postnatal day 10 (Fig. 1d) , a period during which the complex anatomical compartmentalization of a glomerulus develops (Kim and Greer, 2000) .
At resting potential, mitral cells respond to ON stimulation with prolonged spiking activity (Ennis et al., 1996; AroniadouAnderjaska et al., 1997) . To evaluate dendritic release of glutamate during this response, we examined the subset of periglomerular (PG) neurons that primarily receive input from mitral cells rather than ON afferents, as determined by their relatively cell responses were all or none at a stimulation intensity that produced ϳ50% responses and 50% failures (9Vstimulationinthisexample).Theaverageof49EPSPs(graytrace)issuperimposed.c,Involtage-clamprecordings,theEPSCs(top,Ϫ70 mV) reversed polarity at a positive holding potential (bottom, ϩ50 mV). d, The duration of the mitral cell EPSCs increased markedly after postnatal day (PN) 10. The intensity of the stimulation was set to evoke responses with peak amplitudes of 300 -700 pA. Bottom, The integral of the EPSC was normalized to the peak amplitude and plotted as a function of age.
long, asynchronous, variable latency (3.2 Ϯ 0.6 ms; n ϭ 6) responses ( Fig. 2a) (Hayar et al., 2004) . In these cells, single stimuli evoked a prolonged barrage of EPSCs that included an AMPA component at Ϫ70 mV and an NMDA component that was apparent at ϩ50 mV (Fig. 2b) , consistent with ongoing secondary release of glutamate from mitral cells. In contrast, short-latency (1.1 Ϯ 0.08 ms; n ϭ 11) monosynaptic EPSCs recorded in PG cells that are directly contacted by olfactory afferents (Fig. 2a , top trace) suggested that ON stimulation triggers synchronous release of glutamate from ON nerve terminals. mGluR1 and NMDA receptors mediate the slow component Although ON-evoked EPSCs in mitral cells have both a fast AMPA and a slow NMDA receptor component (Ennis et al., 1996; Aroniadou-Anderjaska et al., 1997; Chen and Shepherd, 1997) , the duration of the EPSPs/EPSCs we observed was much longer than expected even with the slow kinetics of the NMDA receptor. Thus, we looked for other explanations for the duration of the mitral cell EPSP/EPSC. We first evaluated the contribution of metabotropic glutamate receptors. CPCCOEt, a selective mGluR1 antagonist (100 M), reduced the integral of the evoked EPSP by 61 Ϯ 3% (n ϭ 22) (Fig. 3a,b) , principally affecting the slow component. The nonspecific mGluR antagonist MCPG (1-2 mM) produced a similar inhibition (52.4 Ϯ 6.7% reduction; n ϭ 6). The inhibition did not correlate with stimulus strength or EPSP amplitude (Fig. 3b) , suggesting that metabotropic glutamate receptors contribute to the EPSP regardless of the number of afferents stimulated. Accordingly, EPSPs evoked in mitral cells from mGluR1 knock-out mice (Conquet et al., 1994) had smaller slow components and decayed faster than in wild-type mice (Fig.  3c,d ).
However, mGluR1 was not exclusively responsible for the slow component, because EPSPs in mGluR1 knock-out mice ( Fig. 3c) as well as the residual EPSPs recorded in the presence of an mGluR1 antagonist in wild-type mice (Fig. 3a) still lasted for several seconds. This residual slow component was entirely blocked by AP-5 (Fig. 3a,c) . When both mGluR1 and NMDA receptors were inhibited, the mitral cell response consisted of a fast NBQX-sensitive AMPA receptor-mediated EPSP (Fig. 3c) . These data thus indicate that mGluR1s, along with NMDA receptors, mediate the slow component of the mitral cell response.
Activation of mGluR1s is not monosynaptic
Our results were somewhat puzzling because synaptic activation of mGluR1 in other pathways typically requires trains of stimuli (Batchelor and Garthwaite, 1997; Brasnjo and Otis, 2001; Dzubay and Otis, 2002; Huang et al., 2004) . Furthermore, as discussed above, the mitral cell response evoked by ON stimulation is usually completely blocked by NMDA and AMPA receptor antagonists (Chen and Shepherd, 1997; Carlson et al., 2000; Schoppa and Westbrook, 2001; De Saint Jan and Westbrook, 2005) . However, a small mGluR1-mediated EPSP was occasionally observed in previous experiments in the presence of NBQX (20 M) and AP-5 (150 M), conditions that prevent release of glutamate from postsynaptic mitral/tufted cell dendrites (De Saint Jan and Westbrook, 2005) . In our experiments, the size of this small mGluR1 response, evoked in the presence of NBQX and AP-5, increased in response to short 100 Hz stimulus trains (3-10 stimuli) (Fig. 4a ) or when glutamate transporters were blocked with D,L-threo-␤-benzyloxyaspartate (TBOA) (Fig. 4b ) (De Saint Jan and Westbrook, 2005) . The mGluR1-mediated EPSP isolated in the presence of AP-5 and NBQX saturated after only three to five ON stimuli (Fig. 4a ), but this response was still smaller than the response blocked by CPCCOEt in the control EPSP (5 Ϯ 0.5 mV ⅐ s, n ϭ 11 vs 8.9 Ϯ 1 mV ⅐ s, n ϭ 22, respectively; p ϭ 0.002). The duration of the train-evoked mGluR1-mediated EPSP was further prolonged by TBOA (100 M) reaching amplitudes (9.1 Ϯ 1.9 mV ⅐ s; n ϭ 4) comparable to the mGluR1 component of the control response (Fig. 4b) . Thus, in the absence of glutamate release from dendrites, ON-stimulated mGluR1 responses appear similar to other pathways where mGluR1s are located at the periphery of the postsynaptic density (Baude et al., 1993; Batchelor and Garthwaite, 1997; Brasnjo and Otis, 2001; Dzubay and Otis, 2002; Huang et al., 2004) . Our data are also consistent with ultrastructural data (van den Pol, 1995) suggesting that mitral cell mGluR1s are located on postsynaptic membranes facing ON terminals. However, this does not resolve why mGluRs make such a prominent contribution to mitral cell EPSPs evoked by a single stimulus.
The olfactory circuitry is unusual in that ON stimulation triggers release of glutamate from two sources, the ON nerve terminal itself and the dendrites of activated mitral cells. Glutamate release sites on mitral cell dendrites can occur near axodendritic Hayar et al., 2004) . Some PG cells are directly contacted by ON terminals and respond to ON stimulation with a short-latency monosynaptic EPSC (right, top trace). Others are connected to mitral cells (MC) and respond with a long-latency burst of EPSCs (bottom trace). b, At a longer time scale, the latter responded to a stimulation of the ON (8 V) with a prolonged barrage of NBQX-sensitive EPSCs at V h ϭ Ϫ70 mV (bottom trace) and a barrage of NMDA receptor-mediated EPSCs at V h ϭ ϩ50 mV (top trace).
synapses between ON axons and mitral cells [Montague and Greer, (1999) , their Fig. 2 ]. We therefore tested whether dendritic release of glutamate from a mitral cell could activate mGluR1s. Consistent with a previous report (Salin et al., 2001) , direct depolarization of a mitral cell soma (10 -500 ms) produced a fast autoexcitatory potential that was fully blocked by AP-5 and NBQX but not by CPCCOEt or MCPG. Thus, glutamate release from dendrites of a single mitral cell was not sufficient to activate mGluR1s (n ϭ 6; data not shown). Likewise, a depolarizing step delivered before stimulation of the ON did not potentiate mGluR1-mediated EPSPs isolated in the presence of AP-5 and NBQX (n ϭ 4; data not shown), suggesting that the glutamate released from one mitral cell did not significantly facilitate the activation of mGluR1s. These data are also consistent with a recent study (Yuan and Knopfel, 2006) indicating that elevation of intracellular calcium does not potentiate the metabotropic EPSP as in other pathways (Batchelor and Garthwaite, 1997; Huang et al., 2004) .
If mitral cell mGluR1s are expressed on postsynaptic membranes facing sensory nerve terminals, our results suggest that mGluR1s would have to be activated for a prolonged period of time to account for their major contribution after ON stimulation. Because this cannot be achieved by glutamate released from only the olfactory axon terminals after a single stimulation, another source of glutamate must participate in mGluR1 activation. Direct support for this hypothesis is illustrated in Figure 5 . The NMDA receptor antagonist AP-5 (150 M) reduced the ON-evoked response by 86 Ϯ 2% (n ϭ 7) (Fig. 5a ). In the presence of AP-5, the response in wild-type mice consisted of a fast EPSP, followed by a slow depolarization. The latter (integral, 4.2 Ϯ 0.9 mV ⅐ s; n ϭ 8) was absent in mGluR1 knock-out mice (n ϭ 9) and blocked by the mGluR1 blockers LY367385 (25-50 M; n ϭ 4) or CPCCOEt (100 M; n ϭ 4) in wild-type mice. NBQX inhibited the fast component, as expected, but it also reduced the mGluR1-mediated component (Fig. 5b) . Thus, a disynaptic pathway initiated by ON input, is required for the full expression of the mGluR1-mediated EPSP in mitral cells.
Intraglomerular spillover of glutamate prolongs the ON-evoked EPSP
Within a glomerulus, mitral cells receive excitatory synaptic inputs from olfactory sensory afferents. However, concerted mitral cell excitation can cause spillover of dendritically released glutamate, resulting in a slow depolarization (Christie and Westbrook, 2006) . We therefore hypothesized that glutamate released from the intraglomerular network of mitral/tufted cells might diffuse and prolong the activation of mGluR1s and NMDA receptors at axodendritic synapses. Indeed, we observed spontaneous longlasting depolarizations that were similar in size and shape to the ON-evoked EPSPs (Fig. 6a) . As first reported by Carlson et al. (2000) , the frequency of these spontaneous events dramatically Trains of stimuli (stim.; 3, 5, or 10 stimuli at 100 Hz) increased the small residual EPSP, which was attributable to activation of mGluR1 (bottom traces). Right, Integral of the mGluR1-mediated EPSP evoked by single or multiple stimulations reached a maximum size after three stimuli (number of cells in parentheses). b, Inhibition of glutamate transporters with TBOA (100 M) prolonged the duration of the mGluR1-mediated EPSP evoked by a train of stimuli (integral, 235 Ϯ 35% of control; n ϭ 4) without affecting its amplitude (109 Ϯ 5.1% of control; n ϭ 4).
increased when GABA A receptors were blocked (2 M gabazine; data not shown). The currents underlying the spontaneous events reversed at positive holding potential (Fig. 6b) , indicating that they were driven by glutamate-mediated currents, rather than by voltage-gated channels or electrical coupling. Spontaneous depolarizations occurred synchronously in pairs of cells projecting to the same glomerulus (n ϭ 8 pairs) (Fig. 6a) , consistent with intraglomerular glutamate release. Finally, spontaneous depolarizations had slower rise times (20 -80% rise time, 21.6 Ϯ 3.9 ms; n ϭ 8) than evoked EPSPs (20 -80% rise time, 2.6 Ϯ 0.7 ms; n ϭ 30) (Fig. 6a) .
If spillover of dendritically released glutamate mediates the slow component of the mitral cell response, then the mitral cell EPSP should be shorter in conditions of reduced spillover. Mitral cell apical dendrites are electrically coupled by gap junctions formed by connexin36 (Christie et al., 2005) . In the absence of connexin36, glutamate spillover between mitral cell dendrites is strongly reduced (Christie and Westbrook, 2006) . When matched to the amplitude of the fast AMPA-receptor mediated EPSP, the slow components of ON-evoked EPSPs in Cx36 Ϫ/Ϫ mice were markedly reduced in amplitude and duration (Fig.  6c,d ). These results suggest that mGluR1s and NMDA receptors are not as robustly activated in the absence of the electrically coupled mitral cell network. The contribution of mGluR1 to submaximal responses could not be accurately measured using mGluR1 antagonists because of the small size of the slow component. However, a 10-stimuli train did evoke mGluR1-mediated EPSPs (data not shown). Moreover, exogenous application of DHPG (200 M) within a glomerulus generated an inward CPCCOEt-sensitive current (n ϭ 3; data not shown), indicating that mGluR1s were present on mitral cell dendrites in Cx36
The ON-evoked EPSC recorded at a positive holding potential in wild-type mice also exhibited two distinct components, a first component consistent with a monosynaptic NMDA receptormediated EPSC and a slower and longer component (n ϭ 7) (Fig.  6e) . In contrast, the response in connexin36 Ϫ/Ϫ mice lacked the slow component, suggesting it was caused by glutamate released from the glomerular network (n ϭ 5) (Fig. 6f) . To demonstrate this interpretation, we used magnesium as a voltage-dependent channel blocker of NMDA receptors (Mayer and Westbrook, 1985) . This divalent cation should not block NMDA receptors in the cell recorded at a positive potential but reduce the excitability of the network and, indirectly, dendritic release. The slow component of the wild-type response was selectively blocked by increasing external magnesium from 1 to 3 mM (half-width, 30 Ϯ 14% of control; n ϭ 3) (Fig. 6e) . In contrast, magnesium did not affect the early phase of the response, suggesting that glutamate release from olfactory neurons was not reduced (Fig. 6e) .
Nickel (300 M) also blocked the slow component of the mitral cell EPSC recorded at a positive potential (half-width, 24 Ϯ 7% of control; n ϭ 4) (Fig. 7d) as well as the slow phase of the EPSP recorded in current clamp (Fig. 7c) . In both conditions, the early phase of the response was unaffected. Nickel is a potent NMDA receptor channel blocker (Mayer and Westbrook, 1985) , but it also inhibits some voltage-activated calcium channels. Its effect on the mitral cell response could thus be explained by an inhibition of glutamate release at ON terminals or at mitral cell dendrites. To test these possibilities, we first analyzed the action of nickel (300 M) on ON-evoked monosynaptic EPSCs recorded from PG neurons directly contacted by ON terminals. Similar to magnesium, nickel had no significant effect on monosynaptic EPSCs evoked in these PG cells (n ϭ 5) (Fig. 7a) . We then used PG neurons that receive input from mitral cells to examine the action of nickel on dendritic release. EPSCs evoked in this subset of PG cells by extracellular stimulation of the mitral cells were blocked by nickel (Fig. 7c) (n ϭ 4) . Therefore, the effect of nickel on the mitral cell response could be explained by its action on NMDA receptors as well as its inhibition of dendritic release of glutamate.
Altogether, these data support the hypothesis that ON-evoked mitral cell responses are initiated by release of glutamate from the olfactory axon terminals and prolonged by glutamate released by the intraglomerular network of mitral and tufted cells. This recurrent excitation, likely mediated by spillover of glutamate onto mitral cells, is necessary for the expression of the mGluR1-mediated EPSP and also prolongs the activation of the NMDA receptor.
Discussion
The topographic organization of the olfactory system is well conserved along species (Ache and Young, 2005) . In particular, the map of sensory neurons onto specific glomeruli suggests that these anatomical specializations play fundamental roles in odor processing. Cellular studies clearly indicate that glomeruli can synchronize the output of mitral cells over wide time scales from seconds (Schoppa and Westbrook, 2001 ) to milliseconds (Schoppa and Westbrook, 2002; Christie et al., 2005) . Our experiments demonstrate a previously unappreciated role for mGluRs in generating long-lasting synaptic excitation in mitral cells. The mGluR1-mediated disynaptic responses in mitral cells are likely contributors to amplify incoming sensory information and to impose temporal pattern of activity in the olfactory bulb.
Long-lasting synaptic responses
At most excitatory synapses, a single stimulus evokes a brief transient of glutamate (Clements et al., 1992 ) that activates postsyn- aptic AMPA receptors and a short depolarization and, in some cases, the higher-affinity NMDA receptors that mediate a slow voltage-dependent current. However, the latter response rarely exceeds a few hundred milliseconds (Cull-Candy and Leszkiewicz, 2004 ). G-protein-coupled metabotropic glutamate receptors can generate much slower postsynaptic currents lasting several seconds (Anwyl, 1999) . However, their perisynaptic localization (Baude et al., 1993) appears to limit their activation, at least in acute slices, unless high-frequency stimulation is applied to presynaptic neurons or diffusion is enhanced by block of glutamate transporters. Synaptic activation of mGluRs appears easier to elicit in organotypic slice cultures (Charpak and Gahwiler, 1991; Miller et al., 1995) , although sprouting and aberrant targeting might explain this difference.
Long-lasting excitatory synaptic responses have been observed at synapses with specialized ultrastructural features. For instance, at giant synapses between a cerebellar mossy fiber and unipolar brush cell, the unique synaptic architecture delays glutamate clearance and increases the duration of the EPSP. Accumulation of glutamate enables multiple binding onto NMDA and AMPA receptors that generate a response that lasts several seconds (Rossi et al., 1995) . Olfactory bulb glomeruli contain a synaptic circuitry that also exhibits unique features that might promote glutamate pooling. The olfactory axon terminals with their high-release probability (Murphy et al., 2004) are often clustered along dendrites and can be located close to dendrodendritic synapses where glutamate is also released (Giustetto et al., 1997; Kasowski et al., 1999; Montague and Greer, 1999) . Glial processes are most often absent between adjacent ON boutons (Chao et al. 1997; Kasowski et al., 1999) but can be intermingled between axodendritic and dendrodendritic synapses (De Saint Jan and Westbrook, 2005) . However, this apparent diffusional barrier between axodendritic and dendrodendritic synapses may be easily overwhelmed by sustained stimulation (De Saint Jan and Westbrook, 2005) . Glial-free compartments within glomeruli might then constitute preferred pathways for glutamate diffusion (Chao et al. 1997; Kasowski et al., 1999) .
The contribution of mGluRs and NMDA receptors to longlasting synaptic depolarization in mitral cells
As demonstrated by astrocytic recording of transporter currents, stimulation of the ON produces two transients of glutamate at short intervals (1-2 ms) within a glomerulus (De Saint Jan and Westbrook, 2005) . The first is caused by release of glutamate at olfactory axon terminals, whereas the second reflects concerted release by mitral and tufted cell dendrites. Electrical coupling among mitral and tufted cell dendrites ensures that principal neurons within a glomerulus can respond to sensory inputs as a single unit and release glutamate in a concerted manner (Christie and Westbrook, 2006) . In addition, the response of this glomerular network might well be driven and synchronized by highly excitable external tufted cells (Hayar et al., 2004) . These two initial transients might work together in saturating glutamate transporters that limit spillover (Christie and Westbrook, 2006) and Ϫ/Ϫ (KO) mice. As in Figure 3 , the ratio of the EPSP amplitude at t ϭ 1 s and peak amplitude were used as a measure of the response duration. Responses with similar amplitude (WT: same as in Fig. 3 ; KO: 14.7 Ϯ 0.5 mV, n ϭ 17, p Ͼ 0.1) were selected for comparison. e, ON-evoked EPSCs in a wild-type mitral cell recorded at V h ϭ ϩ50 mV in control solution (i.e., 1 mM external Mg 2ϩ ; top traces). Most, but not all, responses exhibited a slow component that prolongs the NMDA receptor-mediated-EPSC. Increasing extracellular Mg 2ϩ from 1 mM to 3 mM (bottom traces) selectively blocked the slow current responsible for the prolonged decay of the EPSC. Ten consecutive responses are shown in each condition. f, A series of 15 EPSCs recorded at ϩ50 mV in a connexin36 Ϫ/Ϫ mouse lacked the slow components observed in wild-type animals. Solutions for recordings in b, e, and f included gabazine (2 M).
limit activation of mGluR1 (De Saint Jan and Westbrook, 2005; Ennis et al., 2006; Yuan and Knopfel, 2006) . Once transporters are overwhelmed, the two sources of glutamate could cooperate, leading to activation of mGluR1s. This scenario assumes that mGluR1 receptors are located at axodendritic synapses between olfactory axon terminals and mitral cell dendrites. Electron microscopy data support this assumption (van den Pol, 1995) . This is also consistent with functional results indicating that dendritic release of glutamate from an ensemble of mitral cells activates NMDA and AMPA receptors but not mGluR1s (Christie and Westbrook, 2006; Ennis et al., 2006) . Our results suggest that NMDA receptors equally contribute to the slow component of the mitral cell response. This long-lasting NMDA-mediated component implies multiple binding of glutamate onto NMDA receptors. The presence of ambient glutamate within the axodendritic or dendrodendritic compartments where NMDA receptors are expressed (Giustetto et al., 1997 ) could drive such prolonged activation. Low-affinity antagonist experiments suggest that glutamate released at dendrodendritic synapses can diffuse into neighboring compartments (Schoppa and Westbrook, 2001) . Because ongoing release of glutamate lasts for seconds at dendrodendritic synapses as shown in our experiments, sustained release of glutamate could provide a low concentration of transmitter within dendritic compartments. mGluR1 activation as well as dendritic autoexcitation (Isaacson, 1999; Schoppa and Westbrook, 2001; Salin et al., 2001 ) and electrical coupling (Schoppa and Westbrook, 2002; Christie et al., 2005) favor this regenerative release of glutamate.
The importance of a glomerular amplifier
Sensory systems use a variety of mechanisms to amplify weak but specific external stimuli. For instance, in the auditory system, mechanical and molecular properties of the cochlea make it a powerful amplifier (LeMasurier and Gillespie, 2005) . In the visual system, the phototransduction cascade insures that a single photon causes a substantial electric response in a photoreceptor, and synaptic circuits in the retina further amplify this signal (Sterling, 2004) . The ability of the olfactory system to detect and discriminate low concentration of odorants suggests that olfaction can amplify incoming signals. However, olfactory neurons are intermittently exposed to variable concentrations of an odorant as the animal moves through the medium and turbulent air-flows carry odorant molecules. Furthermore, signal amplification does not seem to take place at the level of olfactory neurons because of the low efficacy with which olfactory receptors translate odorant binding into biochemical (Takeuchi and Kurahashi, 2005) and electrical (Bhandawat et al., 2005) signals. The high number of olfactory neurons expressing a given olfactory receptor may compensate for this low efficacy. However, a short dwell time of odorants on their receptors implies that only a fraction will be activated and for short periods of time (Bhandawat et al., 2005) . Nonetheless, odorants can elicit mitral cell activity that greatly exceed the duration of the odor presentation (Luo and Katz, 2001; Charpak et al., 2001) . Similar patterns occur in projection neurons in invertebrates Wilson et al., 2004) . The long-lasting excitation of mitral cells might thus be critical for amplification of a weak sensory stimulus.
It remains to be determined whether the temporal asynchrony that likely characterizes an olfactory input in vivo triggers the same mechanism as a single electrical stimulus in slices that generate synchronous spikes in a fraction of ONs. Several pieces of evidence argue it might be the case. First, long-lasting depolarizations are evoked by low-intensity stimulation in slices, suggesting their occurrence does not depend on the incoming input. Second, odors evoke low field potential oscillations in rodent olfactory bulb or in insect antennal lobe ). These oscillations reflect synchronize firing across a population of cells driven by ON-evoked excitation. Similar patterns of oscillatory activity are observed in slices stimulated electrically (Lagier et al., 2004) , suggesting similar circuits are recruited in vivo and in vitro. Moreover, they are absent in young animals in vivo (Fletcher et al. 2005 ), similar to long-lasting depolarization in vitro (Fig. 1d) , suggesting they might be driven in older animals by slow EPSPs in mitral cells.
Physiological significance of persistent activity in mitral cells
Physiological studies suggest that the slow temporal pattern of activity encode several features of an odorant and imply that time is required for odor discrimination Friedrich, 2006) . In contrast behavioral studies indicate that olfactory discrimination is fast (ϳ200 ms) (Uchida and Mainen, 2003; Abraham et al., 2004) , although seemingly at the expense of accuracy for closely similar odors (Uchida and Mainen, 2003; Abraham et al., 2004; Khan and Sobel, 2004) . Accordingly, odor identification seems intact in young rats in which odors do not evoke slow patterns of activity (Fletcher et al., 2005) . These studies raise the question of the benefit of slow neural processes. However, the slow temporal pattern of activity might be important for the discrimination of a novel stimulus or to identify an odor in a rich olfactory background (Khan and Sobel, 2004 ) (i.e., in conditions that were not studied in the behavioral studies mentioned above). Moreover, persistent activity in mitral cells may favor synaptic plasticity in the olfactory cortex and therefore be crucial for olfactory memory (Dubnau et al., 2003) . Connexin36-deficient mice might serve as good model to test these hypotheses because the temporal aspect of their mitral cell responses is likely to be altered.
